Introduction
Complete heart block (CHB) in the human fetus may result in progressive bradycardia with the development of hydrops fetalis in one-fourth of these pregnancies. 1, 2 If hydrops fetalis occurs and the fetus cannot be delivered because of prematurity or other clinical concerns, fetal demise is nearly inevitable. Although the degree of myocardial dysfunction due to antibody-mediated damage in congenital CHB is variable, successful pacing of a fetus with CHB and hydrops fetalis theoretically could allow resolution of hydrops in several weeks and permit an otherwise normal gestation. However, historical attempts at pacing human fetuses have invariably failed, with no survivors reported to date. [3] [4] [5] [6] To address this problem, we designed a single-chamber pacing system that is self-contained and can be percutaneously implanted in the fetus without exteriorized leads, thereby permitting subsequent fetal movement without risk of electrode dislodgment ( Figure 1) .
Previous preclinical animal studies in adult rabbits demonstrated the viability of our implantation scheme and allowed us to optimize the electronics of our pacing system. 7 We now report on implantation outcomes of functional micropacemakers in fetal sheep.
Materials and methods

Device design and function
In order to meet our rigorous requirements regarding device size, power consumption, and development cost, we used a simple relaxation oscillator based on a single transistor. 8 The device functions in a fixed-rate mode (ie, VOO) with a rate that predictably varies with battery voltage (generally 100-110 bpm). The output pulse exponentially decays with a total charge that is fixed by the electronic component values and is independent of electrode impedance. 7 In 6 of 7 experiments, the devices had a 3-µC output pulse (3-V peak, 250-µs time constant for fully charged battery). This corresponds approximately to a conventional 2 V over 0.4-ms square pulse. The 3-mAh lithium battery cell in the implants sustains pacing for approximately 6 days and can be recharged by inductive coupling of a 6.78-MHz electromagnetic field from a transmitting coil positioned outside the maternal body. With the 6th implantation, a higher-output device (7 µC, 3-day recharging interval) was used.
Device implantation
Implantation experiments were performed on pregnant sheep (Ovis aries, Rambouillet, and Columbia mix breed) at 112-128 days of gestation with only singleton pregnancies included. The protocol conformed to the Guide for the Care and Use of Laboratory Animals and was approved by the Institutional Animal Care and Use Committees at the University of Southern California and the Los Angeles Biomedical Research Institute. The ewes were anesthetized with ketamine and atropine, followed by isoflurane. Oxacillin and gentamicin were given preoperatively. Dissection down to the uterine wall was made via a midline abdominal incision, and the uterus was externalized. A pursestring suture was placed, and a uterine incision was made. The fetal thorax was exposed, and electrodes were placed in triangulated locations surrounding the fetal heart to allow fetal ECG evaluation.
In the first 3 animals, the fetal subxyphoid area was exposed via the uterine incision for insertion of the percutaneous implantation trocar and cannula (3.8- Vernon Hills, IL; Figure 1 ). In the latter 4 animals, the trocar and cannula were advanced percutaneously through an intact area of the uterine wall and into the fetus at the subxyphoid region. Under ultrasound guidance, the trocar and cannula were advanced through the fetal diaphragm and toward the ventricles. Once ultrasound imaging suggested that the cannula and trocar were against the epicardial surface, the trocar was removed and the pacemaker implantation system was advanced through the cannula. After the distal electrode screw reached the epicardium, the device was rotated clockwise into the myocardium. The device was then released by slowly withdrawing the cannula while keeping the device in place with a pushrod (Figure 2) . In cases in which successful pacing could not be demonstrated with the initial device, a second and once a third device implantation attempt was performed in the same animal.
After initial experiments demonstrated difficulty in correctly positioning the implantation cannula at the epicardial surface, a pericardial effusion was created in the 4 latter experiments. This was performed in order to more closely replicate the clinical anatomy in a human fetus with hydrops fetalis. After the uterine wall was exposed and fetal electrodes were placed, a 17-cm, 21-gauge needle was advanced to the epicardial surface ( Figure 3A) . When the needle appeared to have entered the pericardium, saline was injected until ultrasound demonstrated the presence of a small pericardial effusion ( Figure 3B ). The cannula and trocar were then inserted as described earlier, with improved visualization of the epicardial surface.
After device deployment, the purse string uterine incision was closed, and the uterus was returned to the abdominal cavity. The fetal electrodes were delivered through a small incision in the maternal abdomen for postoperative access. Final ultrasound imaging of the fetus was performed to evaluate heart rate and rhythm, cardiac function, electrode and device position, and overall fetal well-being. The sheep was awakened from anesthesia, administered penicillin G, and returned to the animal housing.
Fetal sheep follow-up and device recharging
Repeat ultrasound evaluations were performed in the first 24-48 hours of follow-up and once to twice per week thereafter. In addition, the externalized fetal skin electrodes were used to obtain a fetal ECG during follow-up. In the last 4 animals, recharging of the fetal pacemaker was attempted using an external recharging ring that was specifically developed for the micropacemaker. 8 The design of the pacing circuit was modified to increase the pacing rate modestly (5-10 bpm) in proportion to the received strength of the radiofrequency magnetic field. By evaluating the pacing rates when the recharging ring was deactivated (ie, no 
Evaluation of pacing
Because the pacing rates in VOO mode (100-110 bpm) were generally slower than the fetal heart rates (130-180 bpm), ventricular capture was detected by the presence of an irregular fetal heart rate. This was identified by a pacing stimuli occurring after the ventricular refractory period and resulting in a premature QRS complex on the fetal ECG ( Figure 4 ). The pacing system did not allow for wireless threshold and impedance measurements after implantation, but direct measurements of pacing lead capture threshold and impedances were performed in sheep no. 5 just before euthanasia.
Device explantation
The animals were euthanized (pentobarbital/phenytoin solution) after the follow-up period was completed, and a fetal thoracotomy was performed to determine device location (micropacemaker, flexible lead, and electrode). In addition, injury and inflammation of the surrounding tissues were evaluated, and necropsy specimens were sent for histologic evaluation.
Results
Evolution of acute implantation technique
Device implantations were performed in 7 pregnant sheep. Table 1 summarizes the procedure results, with ventricular capture after device placement demonstrated in 5 of the 7 animals. Because of intermittent failure of device output with the first implantation, the circuit board design was altered, and no further electronic device failures were seen. In addition, prolonged exteriorization of a large portion of the fetus outside the uterus during implantation, associated with spontaneous pleural and pericardial effusions and ascites on postoperative day (POD) 1, resolved during follow-up. Exteriorization of the fetus from the uterus was minimized in subsequent procedures, and significant effusions were not seen in follow-up after the first experiment.
Blunted screw electrode tips were identified as the cause of failure to penetrate the myocardium with the second procedure and believed to be due to the storage process. The recharging storage system was altered to avoid tip blunting due to electrode tip chafing. In addition, refinements of electrode design and screw bevel were made after a series of experiments on cadaver chicken hearts.
After the third procedure, a pericardial effusion was created for subsequent implantations to improve imaging and enlarge the pericardial space for percutaneous access. No major procedural changes were noted in the final 4 experiments.
Follow-up and recharging
Five of the 7 animals were followed after the acute implantation; 2 were euthanized at the initial implantation (Table 1 ). An increase in capture thresholds during follow-up was suggested in 3 animals (sheep no. 5, 6, 7) with either intermittent or no capture seen despite pacemaker stimuli. Recharging was attempted in the last 4 animals and confirmed in 3.
For sheep no. 4, only a weak recharging field was seen by the device, due to difficulty determining micropacemaker orientation by ultrasound imaging in addition to malfunction of the recharging system. The external recharging system electronics were augmented, and the pacing circuit was modified to generate a larger increase in pacing rate in proportion to the received strength of the radiofrequency magnetic field. Device recharging was demonstrated in subsequent animals.
In sheep no. 5, lead characteristics were manually determined for the 2 implanted devices just before euthanasia on POD15. For the first device, ventricular capture was 3. 
Necropsy and histology
Maternal uterine evaluation suggested normal healing at the pursestring incision and only a small scar at sites where the cannula directly penetrated the uterine wall. Similarly, external evaluation of the fetal chest and abdomen showed a small scar at the site of cannula insertions. The location of the pacing system was also determined ( Figure 5) .
Necropsy identified the ventricular locations where each electrode had been implanted. In the first 2 experiments, the disks at the proximal end of the electrode screw were seen to be entirely within the pericardium, suggesting that the sheath had penetrated the pericardium. In the remaining experiments, the disk was seen outside the pericardium. Histology was performed to identify the degree of myocardial inflammation where the electrodes were implanted. When the electrode had penetrated the epicardium, a significant inflammatory response was identified ( Figure 6 ). In the fourth sheep, the necropsy report concluded that a placental infection was the most likely etiology of the fetal demise, although the specific microorganism was not identified. Necropsy did not identify a clear cause of death for sheep no. 6 and 7.
X-ray imaging of the micropacemaker system and surrounding tissues was performed after necropsy in sheep no. 1, 4, and 5 in order to determine the integrity of the flexible lead/electrode before removal of the hardware from the tissue. A broken flexible lead was seen with the first device (fracture at the insertion of the lead into the micropacemaker) and was determined to be secondary to a weakening of the wire at that location during the fabrication process. This joint was augmented for future experiments, and no lead fractures occurred in the subsequent 6 experiments ( Figure 7 ).
Discussion
CHB in the human fetus with hemodynamic compromise presents a significant therapeutic challenge. Although many fetuses with CHB survive to birth, one-fourth will develop Figure 4 Fetal ECG demonstrating ventricular capture. Stimulus artifacts from the pacemaker march out at a pacing rate of 118 bpm while the intrinsic fetal heart rate is 170 bpm. Advancement of the QRS (arrow) is seen immediately after a stimulus artifact when ventricular capture occurs. hydrops fetalis, resulting in nearly universal mortality unless early delivery can be achieved. 1 Cardiac pacing is the standard therapy for heart block, but a method to successfully pace a fetus has been elusive, with no human fetuses having survived attempts at fetal pacing reported to date. Our fetal micropacemaker addresses the 2 major challenges of fetal pacing by (1) being a fully implantable pacing system and (2) allowing for percutaneous implantation without the need for open fetal surgery. The micropacemaker system is designed to be implanted completely inside the fetus, in contrast to previous fetal pacing attempts, which placed electrodes on the fetal myocardium with pacing wires exiting the fetal body into a pacemaker implanted in the maternal abdomen. [3] [4] [5] The presence of the extracorporeal pacing wire is problematic because fetal movement may result in lead dislodgment or impingement of other structures (including the umbilical cord). Furthermore, with extracorporeal procedures, maternal as well as fetal risks must be considered (maternal laparotomy and hysterotomy). 6, 9 The high risks associated with open fetal surgery were a primary impetus for developing a percutaneous delivery system and a micropacemaker that was small enough to be implanted completely within the fetus via instruments and approaches in routine use for other fetal interventions. 10 Our initial targets for the fetal micropacemaker will be fetuses with CHB and hydrops fetalis. In the human fetus, we expect to engage the ventricles directly through the chest, as opposed to the subxyphoid approach used in our fetal sheep model. These fetuses are expected to have pericardial and pleural effusions, which should facilitate access to the fetal heart and micropacemaker implantation. A major challenge of our experimental model was accurately placing the cannula tip within the pericardium (past the parietal pericardium) and directly against the epicardial surface. Although alteration of our experimental protocol to include creation of a pericardial effusion resulted in improved visualization, appropriate placement of the needle tip in the pericardial space remained challenging.
Although various methods are used to create fetal hydrops, they are limited by significant hemodynamic compromise and fetal morbidity. 11, 12 In addition, although fetal sheep models of CHB have been proposed, creating iatrogenic fetal heart block was not necessary because we were able to clearly identify ventricular capture (as well as ascertain the pacing rate) despite a faster intrinsic fetal heart rate. 13 Because our pacing system does not allow for alterations in pacing outputs after implantation, we chose an output based on the limited literature on pacing human fetuses as well as data from our rabbit experiments. 7 A single case report provided a pulse-duration curve for human fetal pacing 4 and is consistent with epicardial pacing parameters in neonates, children, and adults.
14 However, because the literature suggests that fetuses exhibit less fibrosis than children and adults, 15 we did not anticipate the observed degree of myocardial inflammation and subsequent capture threshold elevations after electrode placement. After observing the inflammatory reaction that was present histologically at the electrode-myocardial interface, it is clear that a significant inflammatory response does occur in the fetal myocardium. As a result, we are considering including a steroid-eluting component in our fetal micropacemaker electrodes in addition to ultimately using a higher-output device. Our micropacemaker has a diameter o3.5 mm and is 5 to 7 times smaller than the newly developed leadless pacemakers currently under investigation for transvenous implantation (Micra TM , Medtronic Inc, Minneapolis, MN; and Nanostim TM , St. Jude Medical Inc, St. Paul, MN). The very small size (0.15-mL volume) and cylindrical shape of our pacemaker necessitate a small battery with limited charge capacity. As a result, we designed and incorporated a recharging system to allow the pacemaker device to function for the duration of the pregnancy (anticipated 3-5 months). Although the technical details of this recharging system are reported separately, 7 it is worth noting that the electronic circuit was redesigned during these experiments such that small fluctuations in the recharging field seen by the micropacemaker would result in relatively large changes in the pacing rate. This modification proved very useful for optimizing the recharging time since changes in fetal and maternal positioning could be quickly recognized (by a decrease in the pacer rate) and the recharging coil repositioned accordingly.
During the follow-up period, 3 fetuses died and were prematurely delivered. Although necropsy suggested that infection was the cause of death for sheep no. 4, a cause of death was not determined for sheep no. 6 and 7. Good fetal health during the follow-up periods had been indicated by ultrasound, suggesting that the animals had tolerated the initial implantation procedures. Therefore, the deaths were unexpected in both cases. The micropacemaker implantation procedures in the fetal sheep model were significantly more invasive compared to the planned percutaneous insertion in a human fetus. This was because of the need to surgically open the uterus for placement of fetal ECG leads for confirmation of ventricular capture in the setting of rapid intrinsic fetal heart rates. These more invasive procedures performed in the fetal sheep model may have significantly contributed to fetal demise.
The results of our acute and chronic fetal sheep testing are encouraging for the viability of this system for human fetal use. Although the lack of a significant pericardial effusion in the fetal sheep model resulted in a more complex implantation procedure than we expect in a human fetus with hydrops fetalis, we were able to successfully implant the electrode into the fetal myocardium and confirm ventricular capture. In addition, we were able to recharge the device wirelessly through the maternal abdomen. Our device has been granted a Humanitarian Use Device designation by the US Food and Drug Association, and we ultimately plan to progress to a clinical trial for device approval under a Humanitarian Device Exemption.
Study limitations
The development of the fetal micropacemaker has been an iterative process, which has inevitably required redesign and alterations of our initial protocol, particularly in the first 3 experiments. In addition, the ability to introduce the cannula and directly engage the fetal myocardium, even in the presence of a pericardial effusion, has remained a technical challenge. For clinical use, however, we expect to target only human fetuses with larger pericardial effusions due to hydrops fetalis, thereby facilitating the implantation procedure. Finally, although fixed-rate VOO pacing may not be the optimal pacing modality, the current capabilities of our device are limited by finite size considerations. Because most fetuses with CHB and hydrops fetalis will have intrinsic rates o60 bpm, we do not expect the intrinsic rates to compete with a paced VOO rate 4100 bpm.
Conclusion
A percutaneously implantable fetal micropacemaker system provides a new approach to pacing fetuses with CHB and hydrops fetalis. The device is completely implantable within the fetus and thus minimizes the risks of lead dislodgment due to fetal movement. In addition, the minimally invasive percutaneous implantation approach avoids the risks of open fetal surgery. Although the fetal sheep model presented some unique challenges for implantation compared to a hydropic human fetus, our data provide support for and demonstrate the necessity of a clinical trial to confirm that the fetal micropacemaker is a viable option for treatment of this potentially fatal condition. 
